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Effects of Flow Rate and Droplet Size on Double Emulsion
Morphology
Rossana Iturbide
Department of Mechanical Engineering
Professor Masahiro Kawaji
ABSTRACT
Experimental work has been conducted to analyze the interactions and morphology of three fluids,
an air bubble and oil droplet in water. The experimental results have been compared to a
morphology diagram based on the spreading factors that depend on the interfacial tension between
two fluids. The possible morphologies are complete engulfment, partial engulfment, and no
coalescence. The experimental study utilized an acrylic tube filled with water where an air bubble
and oil droplet were injected and forced to interact after injection. Following the surface tension
and interfacial tension measurements of mineral oil, silicone oil, olive oil, water, and air, two out
of four possible morphology regions have been realized: partial engulfment and complete
engulfment. The remaining two regions could not be obtained with water as the continuous fluid.
Furthermore, varying the flow rate of oil and air was found to affect the final droplet size and
shape. The air and oil emulsion in water experimentally confirmed the numerical simulation work
done on final morphologies of rising bubble and droplet interactions. Understanding the behavior
of water, oil, and gas double emulsions experimentally and through simulation will benefit
separation methods that remain inefficient, particularly in froth flotation.
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1 Introduction
1.1 Motivation
Froth flotation separation methods were introduced following the 1900s after decades of research
and development. However, the method remains inefficient and is not fully understood.
Understanding the behavior of water, oil, and gas double emulsions will benefit froth flotation
methods. Comparing the experimental behavior of these double emulsions to numerical simulation
results will provide ways to improve current separation methods that can be implemented to micro
plastic separation techniques among other applications.

1.2 Primary Application
Froth flotation is important in the mineral processing field as it is one of the most commonly used
separation processes. This separation process is able to treat complex and low grade ores at small
scales that other techniques cannot efficiently do [1]. The froth flotation process uses the
physicochemical surface properties of different mineral particles to separate ore from gangue
material. Hydrophobic particles attach to air bubbles and float to a froth layer where they are
collected. Sulphide, oxide and phosphate ores are physically and chemically improved i.e.
beneficiated, through this process. The present work aims to perform similar separation
experiments using oil, water, and air. The objective is to experimentally prove theoretical data and
simulations on the behavior of a water, oil and air double emulsion.

1.3 Project Overview
Current theoretical and numerical simulation predictions suggest that there is a clear relationship
between interfacial energy and spreading factor that characterizes double emulsions. The
spreading factor can directly predict the terminal double emulsion shape, as seen in Figure 1. The
experimental design proposes to illustrate the three different morphologies from the double
emulsion of oil and air in water as follows: two partially engulfed droplets, two separate droplets,
and two completely engulfed droplets. The experimental results will be directly compared with
numerical simulation results.
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2 Background
2.1 Contact Between Three Phases: Wetting
Wetting characterizes how liquid spreads out when deposited on a liquid or solid. Wetting can be
classified into two types: total wetting and partial wetting. The first describes when the deposited
liquid has a strong affinity for the receiving liquid or solid. Partial wetting describes when the
deposited liquid has a weak affinity for the receiving liquid or solid. It is important to note that it
is possible for a liquid to wet a substrate by adding a monolayer or vice versa.

2.1.1 Spreading Parameter S
There exist two wetting categories: total wetting and partial wetting. These two categories are
characterized by the spreading parameter S. The spreading parameter S measures the difference
between surface energy (per unit area) of the substrate when dry and wet [2]. In terms of surface
tensions and interfacial tension, the spreading parameter S can be written as follows:

𝑆 = 𝜎% − 𝜎' − 𝜎',%

(1)

where 𝜎' and 𝜎% are the surface tension values for fluids 1 and 2 in a host fluid, and 𝜎',% is the
interfacial tension between fluids 1 and 2.
When S>0 the fluid is in the total wetting regime. The liquid would completely spread and it results
in a nanometer thick film caused by molecular and capillary force competition. When S<0 the fluid
is in the partial wetting regime. At equilibrium, the fluid forms a spherical cap and rests at its
contact angle. If this angle is greater than π/2 the liquid is considered mostly non-wetting, whereas
if the angle is less than π/2 it is considered mostly wetting.
The spreading factor is used to predict the final shape of the double emulsion. Figure 1 shows the
three possible morphologies of the oil and air bubble in water. The morphology diagram in Figure
1 uses general terms to reference the three fluids used, as follows: 𝜎,- = 𝜎,./01-02 , 𝜎3, =
𝜎3-0041,./0 , and 𝜎3- = 𝜎3-0041-02 . Region I in the morphology diagram has two variations
labelled I-A and I-B. For the purposes of this experiment, the green fluid represents air, the blue
fluid represents oil, and the red fluid represents water. Therefore, region I-A shows the oil droplet
engulfing the air bubble, and region I-B shows the air bubble engulfing the oil droplet. Region II
shows when the two fluid droplets do not coalesce, and region III shows when an air bubble and
oil droplet do not engulf one another but share an interface.
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Figure 1: Morphology diagram developed by numerical simulations of Chunheng Zhao [22]
showing four different configurations of the terminal bubble shapes.

2.2 Measurements of Surface or Interfacial Tensions
2.2.1 Drop Shapes
The shape of the fluid droplet is determined by surface tension and force fields like gravity. This
principle is used to measure surface or interfacial tensions by analyzing the shape of the drop.

2.2.2 The Pendant Drop Model
The pendant drop model is the most common method used to measure the surface tension of a
droplet. This method uses a fine capillary tube to dangle a drop loosely at its end which creates a
light bulb shape which can be predicted using a Young-Laplace equation. Surface tension can be
treated as an adjustable parameter so that its numerical value can be adjusted according to
experimental observations. This method can be extended from surface tension measurements to
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interfacial tension measurements by replacing the density of the liquid with the difference between
the densities of the two fluids in the equation.

𝐶 =−

γC = ρgz
= >/= +

-;;

('<-; )

'

-('<-;= )A/=

(1)
(2)

C is the curvature of the drop's surface and is expressed in cylindrical coordinates where 𝑟D =
and 𝑟DD =
constant.

2=2D =

22D

,

. γ is the surface tension adjustable parameter, ρ is density, g is the gravitational

All measurements of surface tension and interfacial tension were done using the pendant drop
model. The Attension Theta tensiometer was used to perform all measurements.

2.3 Proposed Experimental Design
The proposed experimental design is illustrated in Figure 2. The apparatus consists of a 2.5cm x
2.5cm x 15cm acrylic tube attached to a 15cm x 15cm acrylic base using epoxy (Scigrip Acrylic
11266). The base was drilled in distinct locations as illustrated by Figure 3, to accommodate the
two syringe needles, four fitting screws, and one drainage tube. Four holes were drilled for the hex
head screw fittings, labelled A in the schematic. A distance of 13cm was maintained between the
hex head screws to align the screws with the mounting setup. The distance between the screws was
determined by the mounting setup noting for any replications of the experiment. The drainage hole
is represented by label B and its position was kept in the middle of two hex head screws and at
vertical distance from the needle holes. The needle holes were labelled C and were kept at a 2mm
distance.
Acrylic Tube

Acrylic Base
Syringe Pump

Syringe Pump

Figure 2: Schematic diagram of the experimental setup illustrating its main components:
acrylic tube, acrylic base, and syringe pumps.
The setup also consisted of a syringe set up. To facilitate cleaning and changing the fluids used in
the experiment, a tube, plug, and socket were introduced to the luer lock syringe and needle
mechanism. The soft tube (McMaster Carr 8349T14) was cut to 3cm and inserted between the
plug (McMaster Carr 51525K327) and socket (McMaster Carr 51525K321).
The proposed design also consisted of a camera and light source. Figure 4 shows a side view of
the proposed setup, where the camera and light source were placed in front of the acrylic tube. The
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light source was directed towards the syringe needles to enhance the images of the droplet
formation and double emulsion.

15 cm

13 cm

13 cm

C
2 mm
B
Acrylic Tube

A

15 cm
Figure 3: A top view of the acrylic base plate. The letter labels describe the following: A. four hex
head screw holes, B. drainage hole, and C. needle holes.

Acrylic Tube

Light Source
Canon EOS 40D
Camera

Drainage Hole
Syringe Needles

Figure 4: A side view of the acrylic tube. The camera and light source were placed in front of the
acrylic tube and were aimed at the syringe needles.
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Figure 5 shows a photograph of the actual experimental setup used. The individual components
are listed in Table 1. The list consists of the component name, manufacturer, identifying
dimensions, and product codes or descriptions.
Acrylic Tube
Camera

Light
Source

Syringe Pump &
Syringe System

Syringe Pump &
Syringe System
Acrylic
Base

Drainage Tube

Figure 5: A back view of the experimental setup with the setup's main components labelled.
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Table 1: A list of parts used in the experimental setup, and their manufacturer, dimensions, and
product code or product name.
Component

Manufacturer

Dimensions

Comments

Acrylic Base

McMaster-Carr

Product code:
4615T34

Acrylic Tube

McMaster-Carr

Syringe Pump

Cole Parmer

Length: 6.0"
Width: 6.0"
Thickness: 7/32"
Length: 6.0 ft
Width: 11/4"
Height: 11/4"
Length: 9.0"
Width: 4.0"
Height: 6.0"
ID: 3/32"
OD: 5/32"
Length: 6.0"
Head Width: 7/16"
Head Height" 11/64"
Length: 11/2"
ID: 0.067"
OD: 0.083"
Length: 29/16"
ID: 0.45"
OD: 0.54"
Length: 11/16"
For 3/32" Tube ID
Length: 41/64"
For 3/32" Tube ID
Length: 12.25"
Width: 5.5"
Height: 5.0"
f/2.8
100 mm
Length: 9.0"
Height: 3.75"

Soft Tube

McMaster-Carr

Hex Head Screw

McMaster-Carr

90˚ Needle

McMaster-Carr

Luer Lock Syringe

McMaster-Carr

Plug

McMaster-Carr

Socket

McMaster-Carr

Camera

Canon

Camera Lens

Canon

Light Source

Luxxor

Product code:
8516K11
74900 Series
Product code:
8349T14
Product code:
92620A559
Product code:
75165A95
Product code:
7510A43
Product code:
51525K327
Product code:
51525K321
Canon EOS 40D
Product code:
4657A006AA
Product code:
LXX50

2.4 Oil Selection and Properties
The oil selection for the double emulsion experiment relied on the surface tension and interfacial
tension values of each oil with respect to air and water. The shape of the merged oil and air bubble
depends on the spreading factor, as shown in Equation (1). Surface tension and interfacial tension
values found in literature and previous work were used to calculate the spreading factor and
determine the bubble placement on the morphology diagram illustrated in Figure 1. Experimental
values for the surface tension and interfacial tension can be found in section 4.
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Table 2: Three oils used in all experiments: silicone oil, mineral oil, and olive oil, and their surface
tension and interfacial tension.
Fluid
Silicone
Oil
Mineral
Oil
Olive
Oil

Viscosity
(cP
@ 25°C)
350

Density
(g/mL
@25°C)
0.970

105

0.838

84

0.917

Surface
Tension
(mN/m)
21.1
[17]
28.6
[18]
35.8
[23]

Interfacial
Tensiona
(mN/m)
35.87
[17]
49.0
[24]
23.56
[23]

Manufacturer
Sigma Aldrich
378372
Sigma Aldrich
330779
Sigma Aldrich
O1514

Expected
Regionb
I-A
III
I-A

3 Methodology
3.1 Imaging Preparation
The double emulsion experiment depended on the quality of the imaging equipment. The
experiment required a camera with a minimum aperture of f/2.8 in order to clearly capture the
double emulsion shape.

3.1.1. Syringe Pump
Two Cole-Parmer 74900 series syringe pumps were used in the experiment. Three main
parameters were required for each syringe pump setup: volume, flow rate and syringe barrel
diameter. The syringe pumps were designed for a syringe with at least 10mL capacity. According
to Liu et al. [19], the flow rates of the air and oil should maintain a flow rate ratio of 4 for double
emulsions.
Table 3: Syringe pump parameters used in all experiments: fluid volume, fluid flow rate, and
syringe barrel outer diameter.
Volume (mL)
Flow Rate (mL/hr)
Syringe Barrel OD (mm) c

Oil
10
2.4
13.97

Air
10
9.6
13.97

Water
75
-

3.1.2. Canon EOS40D Camera
The Canon EOS40D camera was used to take photos throughout the experiment. The camera was
fixed using a stand and aligned with the height of the needles. Canon camera's live view function
captured all fluid droplets leaving the needles and the double emulsions.
a

Interfacial tension of oil and water.
The calculation process is detailed in section 4.1.2 Spreading Factor Criteria.
c
Syringe barrel outer diameter.
b
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3.2 Measurement Method
3.2.1 Tensiometer
Surface tension and interfacial tension measurements were conducted for each oil, water, and air
system using the Attension Theta Flex tensiometer. The pendant drop method was used to find the
surface tension of each oil with respect to air. A drop of oil was suspended from a straight needle
for the surface tension measurements. Interfacial tension measurements of each oil with water were
conducted using an inverted needle. A cuvette was filled with water while the inverted needle
submerged in the water held the oil droplet. The resulting bubble shape was used to calculate the
interfacial tension. Each measurement was conducted for five minutes and multiple trials were
performed.

3.2.2. Image J
The experiment included analyzing the correlation between flow rate and droplet size for each
fluid used in the experiment. First, the droplets were captured using the Canon EOS40D camera.
Then, image analyses for droplet sizes were conducted using the Image J program because the
program is scalable. In order to set a global scale in Image J a known parameter must be used. In
this case, the diameter of the needle was used to set the scale with a diameter of 0.08mm. Image J
then relates the syringe diameter with the number of pixels in the image. This process is
demonstrated in Figure 6 where the program determines that the 0.08 mm diameter is equivalent
to a 164.0 pixels.

Figure 6: A syringe needle of 0.8 mm was used to set the scale on Image J.
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After a scale is set, the program can determine the size of a droplet based on the number of pixels
selected. Figure 7 shows how the same mineral oil droplet from Figure 6 is measured from its
vertical axis. The scale automatically converts the distance in pixels to the scale distance, in this
case in units of mm. To complete the droplet size measurements, the process is repeated for the
horizontal axis. Figure 8 shows the measurement of the major axis of the droplet following the
same procedure as Figure 7.

Figure 7: A mineral oil droplet was measured in the vertical axis.
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Figure 8: A mineral oil droplet was measured in the horizontal axis.

4 Data and Results
4.1 Surface Tension, Interfacial Tension, and Spreading Factor
Analysis
The position of the air, oil, and water system in the morphology diagram is determined by the
values of the surface tension and interfacial tension because they govern the spreading factor. As
a result, literature values for the surface tension and interfacial tension were only used for a rough
estimate of the bubble position in order to choose the right oils. Experimental measurements were
made for the surface tension and interfacial tension of each oil in order to provide an accurate
spreading factor value.

4.1.1 Surface Tension and Interfacial Tension Measurements
Table 4 lists the equilibrium values obtained from surface tension and interfacial tension
measurements used in spreading factor calculations. Compared to the literature values for surface
tension and interfacial tension listed in Table 2, the values in Table 4 differ slightly. In particular,
the experimental value of interfacial tension for mineral oil was 39 mN/m whereas the literature
value stated 49 mN/m. This difference is further explained in section 4.1.3 Morphology Diagram
and its effect on the spreading factor.
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Table 4: The experimental values of surface tension and interfacial tension for mineral oil, silicone
oil, and olive oil obtained using the Attension Theta Flex tensiometer.
Mineral Oil
Silicone Oil
Olive Oil

𝜎EF. 1 GF- (mN/m)
24±1
20.5±0.02
33.1±0.03

𝜎EF. 1 HGI0- (mN/m)
39±0.7
38±1
23±0.3

Figures 9 to 15 illustrate the curves derived from the tensiometer measurements. The
measurements were performed for 5 minutes. Any jumps in the curves are attributed to noise in
the environment captured by the sensitivity of the tensiometer.

Water

Figure 9: The surface tension of water vs. time.
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Mineral Oil

Figure 10: The surface tension of mineral oil vs. time.

Figure 11: The interfacial tension of mineral oil and water vs. time.

Silicone Oil
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Figure 12: The surface tension of silicone oil vs. time.

Figure 13: The interfacial tension of silicone oil and water vs. time.
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Olive Oil

Figure 14: The surface tension of olive oil vs. time.

Figure 15: The interfacial tension of olive oil and water vs. time.
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4.1.2 Spreading Factor Criteria
The spreading factor of the double emulsion determines where the bubble formation will be in the
morphology diagram illustrated in Figure 1. According to Equation (1) we can calculate the
spreading factor for each fluid in the system. We use Equations (4), (5), and (6) to obtain the
spreading factor of each fluid and relate it to Table 4 to determine the system's placement on the
morphology diagram. All experiments were conducted with water as the background fluid, so we
label 𝑆- as 𝑆HGI0- . Three parameters are required for the spreading factor calculations of each
double emulsion: oil-water interfacial tension: 𝜎EF. 1 HGI0- , air-water surface tension: 𝜎GF- 1 HGI0- ,
and oil-air surface tension: 𝜎EF. 1 GF- .

𝑆- = 𝑆HGI0- = 𝜎EF. 1 GF- − (𝜎HGI0- 1 EF. + 𝜎HGI0- 1 GF- )
𝑆3 = 𝑆GF- = 𝜎EF. 1 HGI0- − (𝜎GF- 1 EF. + 𝜎GF- 1 HGI0- )
𝑆, = 𝑆EF. = 𝜎GF- 1 HGI0- − (𝜎EF. 1 GF- + 𝜎EF. 1 HGI0- )

(4)
(5)
(6)

Table 5: The spreading factor values of each oil, air, and water emulsion calculated using the
experimental values listed in Table 4.
Mineral Oil
Silicone Oil
Olive Oil

𝑆HGI0- (mN/m)

𝑆GF- (mN/m)

-87
-90.5
-62.9

-59
-55.5
-83.1

𝑆EF. (mN/m)
9
14.5
16.9

According to the morphology diagram derived from numerical simulation work, we expect the
following spreading factor values to correspond with their designated regions:
Table 6: Spreading factor criteria for complete engulfing, partial engulfing or complete separation
in the morphology diagram.
I-A
I-B
II
III

𝑆<0
<0
>0
<0

𝑆3
<0
>0
<0
<0

𝑆,
>0
<0
<0
<0

Specific values and relationships between the interfacial and surface tensions of the system
determine the appropriate oils necessary to obtain each regime in the morphology diagram. The
following inequalities were developed from Equations 4,5,6 and Table 6 to determine what oil-airwater system would result in the desired emulsion formation. The inequalities assume that the
continuous fluid is water with an experimental surface tension value of 73mN/m.
Region I-A
The following conditions had to be satisfied to obtain a morphology in region I-A:

73 𝑚𝑁/𝑚 > 𝜎EF. 1 GF- − 𝜎HGI0- 1 EF.
73 𝑚𝑁/𝑚 > 𝜎EF. 1 HGI0- − 𝜎GF- 1 EF.
73 𝑚𝑁/𝑚 > 𝜎EF. 1 GF- + 𝜎EF.1HGI021

(7)
(8)
(9)

The spreading factor inequalities show the interfacial tension and surface tension values needed to
obtain a morphology in region I-A. Both the surface tension and interfacial tension of oil must be
less than 73mN/m and the sum of the surface tension and interfacial tension of the oil cannot
exceed 73mN/m.
Region I-B

73 𝑚𝑁/𝑚 > 𝜎EF. 1 GF- − 𝜎HGI0- 1 EF.
73 𝑚𝑁/𝑚 < 𝜎EF. 1 HGI0- − 𝜎GF- 1 EF.
73 𝑚𝑁/𝑚 < 𝜎EF. 1 GF- + 𝜎EF.1HGI0-

(10)
(11)
(12)

73 𝑚𝑁/𝑚 < 𝜎EF. 1 GF- − 𝜎HGI0- 1 EF.
73 𝑚𝑁/𝑚 > 𝜎EF. 1 HGI0- − 𝜎GF- 1 EF.
73 𝑚𝑁/𝑚 < 𝜎EF. 1 GF- + 𝜎EF.1HGI0-

(13)
(14)
(15)

73 𝑚𝑁/𝑚 > 𝜎EF. 1 GF- − 𝜎HGI0- 1 EF.
73 𝑚𝑁/𝑚 > 𝜎EF. 1 HGI0- − 𝜎GF- 1 EF.
73 𝑚𝑁/𝑚 < 𝜎EF. 1 GF- + 𝜎EF.1HGI0-

(16)
(17)
(18)

The same analysis was performed for region I-B. Equations (10) and (11) describe the difference
between the surface tension and the interfacial tension. Based on the criteria, the interfacial tension
of oil and water is greater than the surface tension of oil and air. Since the difference between the
two is greater than 73mN/m according to equation (11), the interfacial tension of the oil and water
must be greater than 73mN/m.
Region II

Equations (13) and (14) show the relationship between the surface tension and the interfacial
tension of the oil. The interfacial tension of oil and water is less than the surface tension of oil and
air. Furthermore, the interfacial tension of the oil must be greater than 73mN/m in order to satisfy
the condition of equation (13). The most common fluid with a surface tension greater than water
is mercury, therefore we conclude that the background fluid of water must be replaced with an
immiscible fluid with lower surface tension in order to satisfy the criteria.
Region III

The last region in the morphology diagram describes partial engulfment. Equation (18) shows that
the sum of the interfacial tension and surface tension of oil is greater than 73mN/m. Unlike regions
I-B and II, neither the interfacial tension nor the surface tension are greater than 73mN/m.

4.1.3 Morphology Diagram
Figure 16 incorporated two sets of data, experimental data and literature data, to the morphology
diagram. The purple coordinate points indicate the values for 𝜎,- /𝜎3, and 𝜎3- /𝜎3, . These ratios
were calculated with the experimental values of surface tension and interfacial tension as shown
in Table 7. The orange coordinate points were the 𝜎,- /𝜎3, and 𝜎3- /𝜎3, ratios derived from the
literature values listed in Table 2. This led to a direct comparison between the morphology
placement of the double emulsions using experimental values and literature values.
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Table 7: Coordinate values of mineral oil-air, silicone oil-air, and olive oil-air morphologies used
in the morphology diagram in Figure 16.
Mineral Oil
Silicone Oil
Olive Oil

5

𝜎,- (mN/m)
39
38
23

𝜎3- (mN/m)
73
73
73

𝜎3, (mN/m)
24
20.5
33.1

(I-A)

𝜎,- /𝜎3,
1.625
1.9
0.7

𝜎3- /𝜎3,
3
3.6
2.2

(III)

4
1

Silicone Oil (1.9, 3.6)
Silicone Oil (1.7, 3.4)

3
1

Mineral Oil (1.6, 3)

Olive Oil (0.7, 2.2)

2
1

Mineral Oil (2.5, 1.8)
Olive Oil (0.66, 2)

1
(I-B)

(II)
1

2

3

4

5
1

Figure 16: The placement of the three oil and air emulsions in the morphology diagram based on
experimental values (purple coordinate points) and literature values (orange coordinate points).

Mineral Oil
The surface tension and interfacial tension values for mineral oil in Table 2 predicted that the
mineral oil and air bubble system would behave like a droplet in region III of the morphology
diagram. The mathematical proof of the region III inequalities below uses the experimental values
obtained for the surface tension of mineral oil-air and interfacial tension of mineral oil-water. The
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experimental values differ from literature values and suggest that the droplet should behave like
those illustrated in region I-A. Figure 16 illustrates the discrepancy between literature calculations
and experimental calculations in the morphology diagram. However, the actual behavior of the
double emulsion shown in Figure 17 confirmed the predicted region III. The discrepancy between
experimental measurements and literature values for surface tension and interfacial tension of
mineral oil can be explained by the oil itself. It is possible that the mineral oil used has some
contaminants, which can change the structure of the fluid and hence its properties. Another
explanation has to do with the tensiometer itself. The Attension Theta tensiometer is sensitive to
all environmental changes. Although all measurements were performed in a clean room, it is
possible the measurements were affected by the environment.
Mathematical Proof
Region III

73 𝑚𝑁/𝑚 > − 15𝑚𝑁/𝑚
73 𝑚𝑁/𝑚 > 15 𝑚𝑁/𝑚
73 𝑚𝑁/𝑚 ≮ 63 𝑚𝑁/𝑚

(16)
(17)
(18)

Air Bubble

Mineral Oil

Figure 17: A photograph of an air and mineral oil emulsion for air injection rate of 9.6mL/hr and
mineral oil injection rate of 2.4mL/hr. The double emulsion shape confirms the expected region
III.
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Silicone Oil
The experimental values of the surface tension and interfacial tension of silicone oil were close to
literature values. As a result, the mathematical proof below concurred with the preliminary results
shown in Table 2. Figure 18 displays the silicone oil droplet completely engulfing the air droplet.
Mathematical Proof
Region I-A

73 𝑚𝑁/𝑚 > − 17.55 𝑚𝑁/𝑚
73 𝑚𝑁/𝑚 > 17.55 𝑚𝑁/𝑚
73 𝑚𝑁/𝑚 > 58.45 𝑚𝑁/𝑚

(7)
(8)
(9)

Figure 18: A photograph of an air and silicone oil emulsion for air injection rate of 9.6mL/hr and
silicone oil injection rate of 2.4mL/hr. The double emulsion shape confirms the expected region IA.

Olive Oil
Similarly, to the silicone oil analysis, the experimental values of the surface tension and interfacial
tension of the olive oil were close to literature values. The mathematical proof below is in
accordance with preliminary calculations that predicted region I-A. Figure 19 shows the olive oil
droplet completely engulfing the air droplet.
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Mathematical Proof
Region I-A

73 𝑚𝑁/𝑚 > 10.1 𝑚𝑁/𝑚
73 𝑚𝑁/𝑚 > − 10.1 𝑚𝑁/𝑚
73 𝑚𝑁/𝑚 > 56.1 𝑚𝑁/𝑚

(7)
(8)
(9)

Figure 19: A photograph of an air and olive oil emulsion for air injection rate of 9.6mL/hr and
olive oil injection rate of 2.4mL/hr. The double emulsion shape confirms the expected region I-A.

4.1.4 Flow Rate
The flow rates of air, mineral oil, silicone oil, and olive oil in water were varied to observe flow
rate effects on the droplet or bubble size of each fluid. Tables 8 to 111 tabulate the average droplet
size of each fluid droplet along its major and minor axes in mm, at three different flow rates.

Air Bubble
As the flow rate of air increased, the bubble's major axis increased but its minor axis decreased.
Figures 21 to 23 show how the air bubble begins to deform along the minor axis. The trend is
displayed in Figure 20 to provide a visual representation of the results. At higher flow rates the
droplet along the minor axis shrinks and would look like a straight line of fluid.
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Table 8: The average bubble size of air along its major and minor axes at three different flow rates.
Average Droplet Size
of Major Axis (mm)
Average Droplet Size
of Minor Axis (mm)

2.4 mL/hr
0.156 ± 0.003

4.8 mL/hr
0.181 ± 0.016

9.6 mL/hr
0.188 ± 0.015

0.128 ± 0.014

0.102 ± 0.028

0.082 ± 0.020

Figure 20: Air bubble size vs. flow rate.
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Figure 21: Air bubble shape at an injection rate of 2.4mL/hr.

Figure 22: Air bubble shape at an injection rate of 4.8mL/hr.
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Figure 23: Air bubble shape at an injection rate of 9.6mL/hr.

Mineral Oil
The droplet size of mineral oil was measured at three different flow rates: 2.4mL/hr, 4.8mL/hr,
and 9.6mL/hr. The droplet size was measured along its major axis and minor axis to provide an
overall analysis of the droplet. Both the major axis and minor axis increased as the flow rate
increased. Table 8 shows that the minor axis gradually approaches the major axis measurements.
The mineral oil droplet increased in both axes such that the shape of the droplet becomes more
spherical.
Table 9: The average droplet size of mineral oil along its major and minor axes at three different
flow rates.
Average Droplet Size
of Major Axis (mm)
Average Droplet Size
of Minor Axis (mm)

2.4 mL/hr
0.225 ± 0.038

4.8 mL/hr
0.264 ± 0.037

9.6 mL/hr
0.279 ± 0.049

0.165 ± 0.080

0.234 ± 0.033

0.243 ± 0.055
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Figure 24: Mineral oil droplet size vs. flow rate.

Figure 25: Mineral oil droplet shape at a flow rate of 2.4mL/hr.
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Figure 26: Mineral oil droplet shape at a flow rate of 4.8mL/hr.

Figure 27: Mineral oil droplet shape at a flow rate of 9.6mL/hr.
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Silicone Oil
Silicone oil droplets were analyzed at three different flow rates. The major axis decreased as the
flow rate increased as seen in Figure 28. The minor axis decreased with the flow rate between
2.4mL/hr and 4.8mL/hr but increased slightly at 9.6mL/hr. Since the measurements at 4.8mL/hr
and 9.6mL/hr were not significantly different, it is determined that the silicone oil droplet is
reaching a limiting value for its size. Since the major axis measurement decreased as the flow rate
increased, the major axis will reach a steady state where it matches the minor axis measurement.
Table 10: The average droplet size of silicone oil along its major and minor axes at three different
flow rates.
Average Droplet Size
of Major Axis (mm)
Average Droplet Size
of Minor Axis (mm)

2.4 mL/hr
0.459 ± 0.008

4.8 mL/hr
0.455 ± 0.013

9.6 mL/hr
0.451 ± 0.011

0.441 ± 0.021

0.430 ± 0.009

0.433 ± 0.008

Figure 28: Silicone oil droplet size vs. flow rate.
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Figure 29: Silicone oil droplet shape at a flow rate of 2.4mL/hr.

Figure 30: Silicone oil droplet shape at a flow rate of 4.8mL/hr.
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Figure 31: Silicone oil droplet shape at a flow rate of 9.6mL/hr.

Olive Oil
Olive oil droplets were analyzed at three different flow rates. The droplet size along the major axis
appeared to be constant between 2.4mL/hr and 4.8mL/hr before it increased at 9.6mL/hr. On the
other hand, the minor axis remained constant at the three flow rates as seen in Figure 32. A more
spherical droplet shape may be obtained at flow rates lower than 2.4mL/hr based on the trend
shown.
Table 11: The average droplet size of olive oil along its major and minor axes at three different
flow rates.
Average Droplet Size
of Major Axis (mm)
Average Droplet Size
of Minor Axis (mm)

2.4 mL/hr
0.255 ± 0.010

4.8 mL/hr
0.253 ± 0.011

9.6 mL/hr
0.268 ± 0.009

0.228 ± 0.010

0.230 ± 0.010

0.228 ± 0.008
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Figure 32: Olive oil droplet size vs. flow rate.

Figure 33: Olive oil droplet shape at a flow rate of 2.4mL/hr.
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Figure 34: Olive oil droplet shape at a flow rate of 4.8mL/hr.

Figure 35: Olive oil droplet shape at a flow rate of 9.6mL/hr.

36

5 Conclusions and Recommendations
The experimental work was performed to confirm the numerical simulation predictions of a
morphology diagram that shows the different final morphologies of a gas and oil bubble depending
on the spreading factors of air and mineral oil, air and silicone oil, and air with olive oil in water.
Two out of the four morphologies were confirmed while the remaining two morphologies could
not be obtained because water has a high surface tension value. The spreading factor is dictated by
the surface tension of the background fluid, in this case water, and the spreading factor dictates the
possible morphologies. Furthermore, individual analysis of the flow rate, and consequently the
droplet size of each oil droplet and air bubble, helped determine the necessary parameters for the
double emulsion portion of the experiment. The general trend showed a decrease in droplet size or
increase in droplet size, whichever led the droplet approach a spherical rather than elliptical shape.
Overall, the analysis conducted in this thesis work can be further developed to provide a complete
experimental analysis of the morphology diagram derived from numerical simulation work. The
continuous fluid, water in this experiment, must be replaced by another fluid that is immiscible
and preferably has a lower surface tension than water to satisfy the spreading factors needed for
regions I-B and II. A complete experimental representation of the morphology diagram will
confirm the validity of the numerical simulation work and will help separation methods like those
in froth flotation.
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